Clinical and animal studies have shown that treatment with angiotensin-converting enzyme (ACE) inhibitors or angiotensin II (Ang II) receptor antagonists slows the progression of nephropathy in diabetes, indicating that Ang II plays an important role in its development. We have reported previously that insulin inhibits the stimulatory effect of high glucose levels on angiotensinogen (ANG) gene expression in rat immortalized renal proximal tubular cells (IRPTCs) via the mitogen-activated protein kinase (p44/42 MAPK) signal transduction pathway. We hypothesize that the suppressive action of insulin on ANG gene expression might be attenuated in renal proximal tubular cells (RPTCs) of rats with established diabetes.
Introduction
Experimental studies have shown that incubation of murine proximal tubular cells in high-glucose (i.e. 25 mM) medium or in the presence of high angiotensin II (Ang II) levels (i.e. >10 8 M) induces cellular hypertrophy and extracellular matrix protein synthesis (Wolf & Neilson 1990 , Ziyadeh et al. 1990 , Wolf et al. 1991a ,b, 1993a ,b, Rocco et al. 1992 . Clinical studies have also revealed that intensive insulin therapy or treatment with angiotensin-converting enzyme (ACE) inhibitors or Ang II receptor antagonists in patients with insulin-dependent diabetic mellitus delays the onset and slows the progression of nephropathy (Bakris 1993 , Lewis et al. 1993 , Gandhi et al. 1996 , Ichikawa 1996 , Ruilope 1997 . These investigations indicate that hyperglycaemia and reninangiotensin system (RAS) activation are the two important determinants in the pathogenesis of diabetic nephropathy (Maurer 1994 , Wolf & Thaiss 1995 . The molecular mechanism(s) of the beneficial effects of insulin therapy and ACE inhibitors or Ang II receptor antagonists, however, is not completely understood.
In addition to the well-characterized systemic RAS, the presence of a local intrarenal RAS has now been generally accepted. The mRNA components of the RAS, including angiotensinogen (ANG), renin, ACE and Ang II receptors (AT-1 and AT-2 subtypes) are expressed in mouse and rat immortalized renal proximal tubular cells (IRPTCs) (Ingelfinger et al. 1990 , 1999 , Wolf & Neilson 1993 , Chen et al. 1994 , Loghman-Adham et al. 1997 . We have reported that ANG protein is synthesized and secreted from rat IRPTCs , Umezu et al. 2000 , providing evidence that intrarenal Ang II is derived from ANG synthesized within renal proximal tubular cells (RPTCs) in vivo.
We have recently demonstrated that high glucose levels (i.e. 25 mM) stimulated ANG gene expression and induced hypertrophy in IRPTCs (Zhang et al. 1999a ). This stimulatory effect of glucose was blocked by the addition of the inhibitors of aldose reductase (i.e. Tolrestat), protein kinase C (PKC) (i.e. staurosporine or H-7), and ACE (i.e. captopril or perindopril) or Ang II (AT-1) receptor antagonist (i.e. Losartan) (Zhang et al. 1999a ). These studies demonstrated that high glucose levels stimulate renal ANG gene expression via the de novo diacylglycerol (DAG) and PKC signal transduction pathways, subsequently activating the local renal RAS in vivo. The local formation of Ang II may play an important (i.e. autocrine) role in the induction of proximal tubular cell hypertrophy in diabetes.
Recently, we reported that insulin inhibited the stimulatory effect of high glucose levels on ANG secretion, ANG messenger RNA (mRNA) and ANG gene expression in IRPTCs (Zhang et al. 1999b . This suppressive action of insulin is blocked by an inhibitor of mitogen-activated protein kinase (MAPK) but not by an inhibitor of phosphatidylinositol 3-kinase (PI3K), suggesting that the inhibitory effect of insulin on renal ANG gene expression is mediated, at least in part, via the MAPK signal transduction pathway. In the present studies, we investigated whether the inhibitory effect of insulin on ANG gene expression is attenuated in RPTCs isolated from rats with established diabetes. Our studies showed that insulin suppressed the stimulatory action of high glucose levels on ANG gene expression and increased p44/42 MAPK phosphorylation in control non-diabetic rat RPTCs. In contrast, insulin had no influence on ANG gene expression and p44/42 MAPK phosphorylation in diabetic rat RPTCs.
Materials and Methods
(+)-Glucose, -mannitol, insulin, collagenase (type IV), bovine serum albumin (fraction V) and streptozotocin (STZ) were purchased from Sigma-Aldrich Chemicals Canada Ltd (Oakville, Ontario, Canada 
Animals
Male Wistar rats (200-250 g) from Charles River Inc. (St-Constant, Quebec, Canada) were divided into 2 groups (6 rats per group) after acclimatization for 3 days: 1) vehicle-injected controls (10 mM sodium citrate buffer, pH 4·0, in 0·9% saline, i.p.) and 2) STZ-induced diabetics (STZ-D). Vehicle and STZ (65 mg/kg dissolved in 10 mM sodium citrate buffer, pH 4·0, in 0·9% saline, i.p.) were administered after overnight fasting. Forty-eight hours after administration of STZ, blood was assayed for glucose levels with a Side-Kick Glucose Analyzer (Model 1500, Interscience, Markham, Ontario, Canada). Rats with blood glucose >400 mg/dl or >20 mM were studied. All animals were allowed free access to rat chow and water. Animals were anaesthetized and killed by decapitation. Twenty-four hours prior to killing, the animals were individually housed in metabolic cages. Urine samples were collected and assayed for glucose and urea (performed by the Biochemistry Laboratory, Maisonneuve-Rosemont Hospital) and ketone levels (Keto-Diastix, Bayer Inc., Healthcare Division, Toronto, Ontario, Canada). Blood samples were collected for the measurement of plasma glucose and creatinine levels (Biochemistry Laboratory, Maisonneuve-Rosemont Hospital). Plasma and urinary ANG levels were quantified with a specific radioimmunoassay (RIA) for rat ANG as we described previously . Kidneys were removed immediately after death. One kidney from each rat was taken for total RNA extraction. The other kidneys were pooled together (i.e. from 6 rats) and then used for proximal tubule isolation. All methods of animal care and killing were approved by the Animal Care Committee of Maisonneuve-Rosemont Hospital. Each experiment was repeated at least three times.
Isolation and culture of rat RPTCs
The renal cortex was separated from the medulla and cut into small fragments under sterile conditions. Proximal tubules were isolated according to the method of Vinay et al. (1981) with slight modifications. Briefly, cortical fragments were washed with DMEM:Ham F-12 medium containing 0·2% bovine serum albumin (BSA), penicillin (100 U/ml) and streptomycin (100 µg/ml) pre-equilibrated with 95% O 2 /5% CO 2 . The cortical fragments were then digested with agitation for 30 min at 37 C in DMEM:Ham F-12 medium containing collagenase (1 mg/ml). After digestion, the mixtures were passed once through a metal filter (60 mesh), and the tubular suspensions were washed twice with DMEM:Ham F-12 medium. Finally, the tubular suspensions were suspended in culture media containing 42% Percoll preequilibrated with 95% O 2 /5% CO 2 and centrifuged at 28 000 g without braking for 30 min at 4 C. Three bands were observed after centrifugation: 1) an upper band enriched with distal tubules, 2) a middle band enriched with glomeruli, and 3) a lower band enriched with proximal tubules. The band of enriched proximal tubules was carefully isolated with a syringe and washed 3 times in DMEM:Ham F-12 medium. Proximal tubular cells were characterized by their histological appearance as described previously (Vinay et al. 1981) . This procedure yielded a highly purified preparation of proximal tubules (>97% by microscopy) and viability was >95% (determined by exclusion of trypan blue).
Freshly-isolated proximal tubules from normal and STZ-D rats were cultured in normal glucose (5 mM) or high glucose (25 mM) DMEM containing 5% fetal bovine serum (FBS) and 5 factors (insulin, 5 µg/ml; transferrin, 5 µg/ml; hydrocortisone, 0·05 mM; prostaglandin E 1 , 25 ng/ml and epidermal growth factor (EGF), 10 ng/ml) as described by Chung et al. (1982) . After 3 days in culture, rat RPTCs attached to the Petri dish as a monolayer were harvested by trypsinization and re-plated onto 6-well plates in 5 mM glucose DMEM or 25 mM glucose DMEM containing 5% FBS and the five factors. Prior to the experiments, the RPTCs were synchronized overnight in 5 mM or 25 mM glucose serum-free medium (no supplementation with 5 factors). Then, the RPTCs were incubated in normal glucose plus 20 mM -mannitol or high glucose DMEM plus 1% depleted FBS (dFBS) in the absence or presence of insulin (10 7 M). After 24 hours of incubation, the media were collected and assayed for immunoreactive rat ANG (IR-rANG). The cells were harvested and extracted for total RNA with Trizol reagent as we described previously (Zhang et al. 1999a (Zhang et al. ,b, 2001 . Total RNAs were used to quantify the mRNA of ANG and -actin by reverse transcription-polymerase chain reaction (RT-PCR) (Zhang et al. 1999a (Zhang et al. ,b, 2001 .
The dFBS (depleted of endogenous steroid and thyroid hormones) was prepared by incubation with 1% activated charcoal and 1% AG 1 X 8 ion-exchange resin (Bio-Rad Laboratoires Inc., Richmond, CA, USA) for 16 to 24 hours at room temperature as described by Samuels et al. (1979) .
RIA for rat ANG
The RIA for rat ANG developed in our laboratory (J S D C) has been described previously in detail . Purified rat plasma ANG (greater than 90% pure, as analysed by polyacrylamide gel electrophoresis containing sodium dodecyl sulphate (SDS-PAGE)) and iodinated rANG were used as hormone standard and tracer respectively. This RIA is specific for intact (62 to 65 kDa) rANG and has no cross-reactivity with pituitary hormone preparations or other rat plasma proteins . The lower limit of detection for the RIA is approximately 1 ng rANG. The intra-assay and interassay coefficients of variation were 9% (n=10) and 14% (n=10) respectively.
Phosphorylation of p44/42 MAPK in RPTCs
The effect of insulin on activation of the p44/42 MAPK signal transduction pathway in RPTCs was evaluated by p44/42 MAPK phosphorylation, employing the PhosphoPlus p44/42 MAPK antibody kit (Zhang et al. 1999b) . Briefly, RPTCs were plated in 5 mM or 25 mM glucose DMEM containing 10% FBS and synchronized in 5 mM glucose medium for 24 hours. Subsequently, the cells were incubated in medium containing 5 mM glucose plus 20 mM -mannitol, or 25 mM glucose in the absence or presence of PD 98050 (10 5 M) for 15 min. Then, insulin (10 7 M) was added and the cells were incubated for another 10 min. They were lysed in 300 µl lysis buffer (62·5 mM Tris-HCl, pH 6·8, containing 2% SDS (wt/ vol), 10% glycerol, 50 mM dithiothreitol and 0·1% bromophenol blue (wt/vol)), before being transferred into Eppendorf tubes. The cell lysates were sonicated for 20 s and heated at 95 C for 5 min, and then centrifuged at 12 000 g for 10 min at 4 C. Small aliquots (20-50 µl) of the supernatants were subjected to 10% SDS-PAGE and then transferred onto a PVDF membrane (Hybond-P, Amersham Pharmacia Biotech). The membrane was first blotted for phosphorylated p44/42 MAPK and then re-blotted for total p44/42 MAPK with the PhosphoPlus p44/42 MAPK antibody kit. The relative densities of phosphorylated p44/42 MAPK and total p44/42 MAPK bands were determined with a computerized laser densitometer.
ANG mRNA expression in RPTCs
To study the effect of glucose and insulin on ANG mRNA expression, RPTCs were incubated in 5 mM glucose medium plus 20 mM -mannitol, 25 mM glucose medium, or 25 mM glucose medium plus insulin (10 7 M) in the absence or presence of PD 98050 (10synthesis by employing the Super-Script preamplication system, following the protocol described by the supplier (Life Technologies Inc.). Then, 2 µl of the cDNA reaction mixture were used to amplify the rat ANG cDNA and -actin cDNA fragments using the PCR-core kit according to the protocol of the supplier (Boehringer-Mannheim Inc.). The forward primer 5 CCT CGC TCT CTG GAC TTA TC 3 , and the reverse primer 5 CAG ACA CTG AGG TGC TGT TG 3 , corresponding to the nucleotide sequences N+676 to N+695 and N+882 to N+901 of rat cDNA (Ohkubo et al. 1983) were utilized for PCR. Furthermore, primers specific for rat -actin (Nudel et al. 1983 ) (forward and reverse primers 5 ATG CCA TCC TGC GTC TGG ACC TGG C 3 and 5 AGC ATT TGC GGT GCA CGA TGG AGG G 3 corresponding to the nucleotide sequences N+155 to N+139 of exon 3 and N+115 to N+139 of exon 5 of rat -actin) were used in another PCR as internal controls. The amplification cycles were 45 s at 94 o C, 45 s at 60 o C and 90 s at 72 o C in a Perkin-Elmer Cetus 9600 thermocycler (Perkin-Elmer Cetus, Norwalk, CT, USA). The PCR cycles for the amplication of ANG and -actin mRNA were 35 and 30 respectively. The RT-PCR mixtures were separated on 1·5% agarose gel and transferred onto a Hybond XL nylon membrane (Amersham Pharmacia Biotech). Subsequently, 32 P-labelled oligonucleotides 5 GAG GGG GTC AGC ACG GAC AGC ACC 3 and 5 TCC TGT GGC ATC CAT GAA ACT ACA TTC 3 corresponding to the nucleotide sequences N+775 to N+798 of the rat ANG cDNA (Ohkubo et al. 1983) and nucleotides N+9 to N+35 of exon 4 of rat -actin (Nudel et al. 1983) , respectively, served to hybridize the PCR products on the membrane. Finally, the membrane was washed and subjected to autoradiography. The relative densities of the PCR bands were determined with a computerized laser densitometer.
Statistical analysis
Three to four separate experiments were performed per protocol, and each treatment group was assayed in triplicate. The data were analysed by Student's t-test or analysis of variance (ANOVA). A probability level of Pc0·05 was considered to be statistically significant. Figure 1 and Table 1 show the results of physical and biochemical data in control and STZ-D rats at the time of killing. It is apparent that STZ-D rats had significantly higher plasma and urinary glucose levels and higher kidney to body weight ratios which increased with time when compared with the controls. There were no significant differences in plasma creatinine and urinary urea and ketone excretion between control and STZ-D rats (Table 1) . Figure 2 shows the results of plasma and urinary (i.e. 24-hour collection) IR-rANG levels in control and STZ-D rats at the time of death. Both plasma and urinary IR-rANG levels were increased in STZ-D rats compared with the controls, but these levels did not reach statistical significance. Figure 3 illustrates the results of Northern blot analysis of whole kidney ANG mRNA and -actin mRNA in control and STZ-D rats. Renal ANG to -actin mRNA ratios were not statistically different between control and STZ-D rats.
Results

Physical and biochemical data of whole animals
Plasma and urinary IR-rANG levels
Expression of kidney ANG mRNA levels
Effect of glucose and insulin on IR-rANG secretion in rat RPTCs
IR-rANG secretion was increased (150%) in control rat RPTCs with high glucose (25 mM) medium compared Values in control rats are compared with diabetic rats; ***Pc0·005.
with normal glucose levels (5 mM) (Pc0·05) (Figs 4  and 5A ). The addition of insulin to the culture medium abolished the high glucose-stimulated secretion of IR-rANG in control rat RPTCs. In contrast, high glucose levels (25 mM) did not increase IR-rANG secretion in STZ-D rat RPTCs, compared with normal glucose levels (Figs 4 and 5B). The addition of insulin to the culture medium had no significant effect on IR-rANG secretion in diabetic rat RPTCs. Furthermore, the addition of PD 98059 reversed the inhibitory action of insulin on IR-rANG secretion in control RPTCs (Fig. 5A ) but had no influence on diabetic rat RPTCs. Moreover, the addition of Wortmannin did not modify the effect of insulin on IR-rANG secretion from control (Fig. 5A ) and diabetic rat RPTCs (Fig. 5B ).
These studies demonstrate that the stimulatory action of glucose and the inhibitory influence of insulin on ANG gene expression were abolished in diabetic rat RPTCs.
Effect of high glucose and insulin on p44/42 MAPK phosphorylation in rat RPTCs
Insulin stimulated p44/42 MAPK phosphorylation in control rat RPTCs (Fig. 6) , and the addition of PD 98059 (10 5 M) inhibited this effect. In contrast, insulin did not stimulate p44/42 MAPK phosphorylation in diabetic rat RPTCs (Fig. 7 ). These studies demonstrate that hyperglycaemia alters insulin signalling on p44/42 MAPK phosphorylation in diabetic rat RPTCs. Figure 8 shows the optimal number of cycles of PCR for the amplification of ANG and -actin cDNA fragments from rat RPTCs. It is apparent that 35 and 30 cycles of PCR are optimal to amplify the ANG and -actin cDNA fragments, respectively, from rat RPTCs. These optimized conditions were subseqently used in all experiments. Figure 9 shows that high glucose concentrations (25 mM) stimulated ANG mRNA accumulation in control rat RPTCs. ANG mRNA levels were two-fold higher than in control cells cultured in medium containing 5 mM glucose (Pc0·05). Insulin (10 7 M) completely inhibited the stimulatory effect of high glucose (25 mM) on ANG mRNA levels in control rat RPTCs. PD 98059 blocked the suppressive effect of insulin. In contrast, high glucose and insulin had no influence on ANG mRNA accumulation in 2-week post-STZ-D rat RPTCs (Fig.  10) . PD 98059 had no effect on ANG mRNA levels in diabetic rat RPTCs incubated in 25 mM glucose medium with insulin.
Effect of high glucose and insulin on ANG mRNA in rat RPTCs
Discussion
The major finding of this study is that prolonged hyperglycaemia is associated with insulin resistance on ANG gene expression in diabetic rat RPTCs. This attenuation of the insulin action appears to be due to a defect(s) in the p44/42 MAPK signal transduction pathway.
In the present studies, we observed increased kidney to body weight ratios and elevated plasma glucose levels in STZ-D rats (Fig. 1) , features characteristic of STZinduced diabetes (Anderson et al. 1993 , Kalinyak et al. 1993 , Shankland & Scholey 1995 , Osicka et al. 2000 , Zimpelmann et al. 2000 . Plasma IR-rANG levels increased after 4 weeks of diabetes (Fig. 2) , but did not reach statistical significance compared with the controls. These findings are consistent with other reports that plasma Ang II levels in diabetic rats are not statistically different from those in non-diabetic controls (Zimpelmann et al. 2000) . Conflicting results from different groups have, however, been reported on the expression of renal RAS genes in experimental diabetes mellitus. Correa-Rother et al. (1992) found that whole kidney renin protein and mRNA expression were not different between 4-week diabetic and control animals, but ANG mRNA levels were slightly lower in the diabetic groups. Kalinyak et al. (1993) reported that there were no significant differences in the expression of whole kidney renin and ANG mRNA in rats 2 weeks after the induction of diabetes compared with controls. In contrast, Anderson et al. (1993) demonstrated a small increment in renal proximal tubular ANG and renin gene expression in rats 6 to 8 weeks after the induction of diabetes as well as augmented ACE immunostaining in renal glomeruli and vascular vessels. Everett et al. (1992) reported an increase in ANG immunostaining but not in ANG mRNA in the proximal tubules of Biobreeding (BB) spontaneously diabetic rats after 4 and 8 months. More recent studies by Choi et al. (1997) and Zimpelmann et al. (2000) indicated that renin mRNA expression but not ANG and ACE mRNA expression was increased in 2-week diabetic rat renal proximal tubules. Our studies showed no significant difference in total kidney ANG mRNA expression in diabetic rats 2, 4, 8 and 12 weeks after STZ administration compared with the controls (Fig. 3) . While there is no clear explanation for these apparently conflicting results on the expression of renal ANG and renin mRNA, the difference might be attributed to the duration of diabetes and the diverse strains of experimental rats used by these various investigators. Furthermore, differences in the conditions of isolation of proximal tubules (e.g. presence of normal glucose concentrations in buffers) might have caused acute changes in ANG or ACE mRNA expression.
Our studies showed that IR-rANG secretion from control rat RPTCs (Fig. 4) was increased by 1·5-fold in high glucose (25 mM) medium compared with normal glucose (5 mM) medium. This level of stimulation is similar to that observed in our previous studies which revealed that a high level of glucose (25 mM) augmented rat ANG gene expression by 1·5-fold in opossum kidney (OK) cells and IRPTCs (Zhang et al. 1999a (Zhang et al. ,b, 2001 . We have also demonstrated that insulin inhibited the stimulatory effect of glucose on IR-rANG secretion from control rat RPTCs (Fig. 4) . These results are consistent with our previous report that insulin inhibits IR-rANG secretion from IRPTCs in a dose-dependent manner with a maximal effect at 10 7 M (Zhang et al. 1999b) . Our data are also in agreement with the studies of Chang and Perlman (1988) who observed that insulin attenuated ANG mRNA expression in rat hepatoma cells in vitro, and with the studies of Aubert et al. (1998) who showed that insulin down-regulated ANG gene expression and secretion in cultured adipose tissue. Taken together, these results suggest that insulin down-regulates ANG gene expression at the transcription level. Indeed, our most recent studies have demonstrated that insulin inhibits the activity of the ANG gene promoter in proximal tubular cells (Wu et al. 2000 .
Surprisingly, we did not find any significant change in IR-rANG secretion by high glucose level (25 mM) or insulin (10 7 M) in diabetic rat RPTCs (Figs 4 and 5B). These studies suggest that the signalling pathways for glucose and insulin might be altered in diabetic rat RPTCs.
At present, we do not understand the exact molecular mechanism(s) for the lack of stimulatory effect of high glucose on ANG gene expression in diabetic rat RPTCs. One possible explanation is that chronic exposure of animals to high glucose (hyperglycaemia) or other regulatory factors may desensitize the PKC signalling pathway that mediates the stimulatory action of high glucose. Indeed, this possibility is supported by our previous observation that overnight pre-incubation of opossum kidney (OK) proximal tubular cells with high glucose (25 mM) or phorbal 12-myristate 13-acetate (PMA) (10 5 M) abolishes the stimulatory effect of 25 mM glucose on the expression of ANG gene promoter activity . Similarly, we have shown that overnight pre-incubation of rat immortalized renal proximal tubular cells (IRPTCs) with high PMA (10 5 M) abolishes the stimulatory action of a low dose of PMA (10 7 M) on IR-rANG secretion (Zhang et al. 1999a ). Nevertheless, more experiments are warranted to clarify these observations. We were equally surprised that the addition of insulin had no influence on IR-rANG secretion from RPTCs isolated from rats with established diabetes (Figs 4 and 5B). We detected insulin resistance as early as 2 weeks post STZ treatment. Previously we reported that insulin (10 7 M) inhibits the stimulatory effect of 25 mM glucose on IR-rANG secretion and ANG mRNA expression in IRPTCs via the p44/42 MAPK signalling pathway (Zhang et al. 1999b) . These observations raise the possibility that the action of insulin on the p44/42 MAPK signalling pathway might be attenuated. Indeed, our results showed that insulin stimulates the phosphorylation of p44/42 MAPK in non-diabetic RPTCs (Fig. 6) , and PD 98059 (10 5 M) (an inhibitor of MAPK kinase (MEK)) (Pang et al. 1995) inhibited this effect. In contrast, insulin did not stimulate p44/42 MAPK phosphorylation in diabetic rat RPTCs (Fig. 7) . Morever, Wortmannin (an inhibitor of phosphatidylinositol-3-kinase) (Nakamura et al. 1995) did not affect insulin action on p44/42 MAPK phosphorylation in normal and diabetic rat RPTCs (unpublished results). These studies suggest that the defect(s) in insulin signalling on MAPK phosphorylation in diabetic rat RPTCs may be located upstream of MAPK phosphorylation, i.e. the activation of insulin receptor substrate (IRS)-1/2 or Ras or Raf-1. Indeed, work is underway in our laboratory to identify the defect(s) in the MAPK signal transduction pathway. In addition, it remains to be investigated whether culture of tubular cells from diabetic rats for prolonged times in normal glucose, or treatment of the diabetic animals with insulin to achieve normal or slightly elevated plasma glucose could restore the insulin sensitivity of the ANG gene.
In this study, we compared the relative amount of ANG and -actin mRNA expression in rat RPTCs. Our studies showed that there is a linear relationship between the number of PCR cycles and the amount of ANG and -actin cDNA fragments generated (Fig. 8) . It is apparent that 35 and 30 cycles of PCR are the optimal conditions to amplify the ANG and -actin cDNAs, respectively, from rat RPTCs. These conditions were used in subsequent experiments. It is evident that the effects of glucose and insulin on ANG gene expression occur at the mRNA level. Exposure of control rat RPTCs (Fig. 9) to high glucose concentration (25 mM) significantly stimulated ANG mRNA expression (a two-fold increase) compared with cells cultured in 5 mM glucose medium. Insulin (10 7 M) completely blocked the stimulatory effect of 25 mM glucose. PD 98059 reversed the inhibitory action of insulin. In contrast, neither high glucose (25 mM) nor insulin (10 7 M) had any influence on ANG mRNA expression in diabetic rat RPTCs (Fig. 10) . Moreover, we found that there was no significant difference in basal ANG mRNA expression between control and diabetic RPTCs (unpublished results). At present, it is uncertain whether high glucose or insulin affects ANG mRNA levels at the transcriptional level or the stability of ANG mRNA in rat RPTCs. Studies are ongoing in our laboratory to investigate these possibilities.
In summary, our studies demonstrate that exposure of non-diabetic rat RPTCs to 25 mM glucose directly stimulated rat ANG gene expression. The stimulatory effect of high glucose was blocked by insulin via the p44/42 MAPK signalling transduction pathway. In contrast, the stimulatory and inhibitory actions of high glucose and insulin, respectively, on ANG gene expression were abolished in diabetic rat RPTCs. Furthermore, we have demonstrated that the p44/42 MAPK signal transduction pathway is altered in diabetic rat RPTCs. These findings raise the possibility that restoration of insulin sensitivity on renal ANG gene expression might be an important step for Figure 8 RT-PCR of the ANG and -actin mRNA followed by Southern blot analysis from rat RPTCs. Two microlitres first strand cDNA reaction mixture were used to amplify the ANG or -actin cDNA fragment from 15 to 40 cycles of PCR. Then, 10 l PCR products were separated on 1·5% agarose gel and then transferred onto a Hybond-XL nylon membrane. Subsequently, the membrane was blotted with a 32 P-labelled oligonucleotide corresponding to the nucleotide sequences N+775 to N+798 of rat ANG and N+9 to N+35 of exon 4 of rat -actin respectively. The relative density of the PCR band of ANG or -actin at various PCR cycles was compared with that obtained at 15 PCR cycles.
Figure 9
Effect of glucose and insulin on rat ANG mRNA expression in control rat RPTCs. After 24 h incubation in media with 5 mM glucose, 25 mM glucose, or 25 mM glucose plus insulin (10 7 M) in the absence or presence of PD 98059 (10 5 M), the cells were harvested and assayed for ANG mRNA levels by RT-PCR assay. DNA fragments of the RT-PCR mixture were separated on 1·5% agarose gel and then transferred onto a Hybond-XL nylon membrane. Subsequently, the membrane was blotted with a 32 P-labelled oligonucleotide corresponding to the nucleotide sequences N+775 to N+798 of rat ANG and N+9 to N+35 of exon 4 of rat -actin respectively (A). The relative density of the PCR band of ANG was compared with the -actin control (B). The rANG mRNA level in cells normalized in 5 mM glucose was considered as 100% (control). Each point represents the mean S.D. of 3 dishes. *Pc0·05.
insulin to inhibit the activation of the local renal RAS. Subsequently, the suppression of renal RAS by insulin may prevent the renal hypertrophy observed in early diabetes. This approach should be explored further rather than treatment with insulin alone in insulin-dependent diabetic patients.
Figure 10
Effect of glucose and insulin on rat ANG mRNA expression in 2-week diabetic rat RPTCs. After 24 h incubation in media with 5 mM glucose, 25 mM glucose, or 25 mM glucose plus insulin (10 7 M) in the absence or presence of PD 98059 (10 5 M), the cells were harvested and assayed for ANG mRNA levels by RT-PCR assay as described in Fig. 9 . NS, not significant.
